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Introduction 
 Electrical insulators are used in many applications in industry, education and the home 
environment.  They work by keeping electricity contained.  They are not however perfect and 
under stress can become ineffective.  Every insulator has a dielectric strength, a measurement of 
how much electrical stress it can withstand.  If the material is 
stressed beyond that strength the material will breakdown.  
Electrostatic breakdown is defined as “the abrupt irreversible 
drop in resistivity at high fields, often accompanied by 
destruction of the material” (See Fig. 1) [McGraw-Hill].  The 
point at which the material breaks down is called the 
electrostatic discharge breakdown voltage, or ESD voltage, 
measured in volts (V).  Breakdown voltages are measured by 
sandwiching a sample between two plates and increasing the 
voltage of one plate while the other is grounded (See Fig. 2).  
The sample then acts like a dielectric in a common capacitor, 
keeping the circuit from being complete.  When the potential 
is stronger than the dielectric strength breakdown occurs.  The electrostatic breakdown field 
strength of a material, EESD measured in mega-volts per meter 
(MV/m), has been shown to be related to the thickness of the 
material [ASTM D 3755-97]; the thinner the sample the easier it is 
to breakdown.  The ESD field strength then becomes a function of 
thickness.   
 Thickness may not be the only factor that affects the 
breakdown measurement.  Other things might include the 
temperature at which the measurement is made, the age of the 
sample, the history of how the sample has been treated or the 
environment it has been kept in.  It may also be possible that the 
rate at which the voltage is ramped also affect the breakdown 
measurement. 
 
Theory 
 The process of breakdown itself is still unknown.  Several theories hypothesize the cause 
and physical process that occurs when a material breaks down.  One such theory is avalanche 
theory.  In avalanche theory the potential difference across the material causes free electrons to 
gain momentum, knocking other electrons free, until there is enough force from the moving 
electrons in the same direction to cause a physical breakdown from the heat of the moving 
electrons.  This theory has some flaws and some evidence has been shown to disagree with the 
idea.  The idea still tends to linger in literature with small improvements being made (Nelson). 
Filamentary electromechanical breakdown is another theory (Fothergill).  Fothergill’s 
idea is that as voltage is increased across the electrode and high-voltage plate that the magnetic 
attraction of them physically compresses the material until a filament shaped crack forms due to 
the physical stress.  This crack conducts electricity and causes current flow and breakdown of the 
material. 
 
Figure 1.  Breakdown of 
LDPE at 6.5 kV.   
 
 
 
Figure 2. Diagram of a 
sample sandwiched 
between a high voltage 
plate and an electrode. 
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 I don't entirely agree with this theory for two 
reasons. First, breakdown can occur with no mechanical 
stress on the material (Oda).  Also, in certain breakdowns 
we have preformed there occurred spotted breakdown, 
where more than one spot showed a breakdown mark (see 
fig. 3).  If it were stress from the plates then there would 
have had to have been stress at each of these points.  
 Filamentary theory can not be totally ruled out 
from our situation however because the physical setup of 
the plates was consistent with a physical stress being 
induced on the material.  J.K. Nelson states that since 
breakdown is very complex it probably occurs by a 
combination of methods; the method giving the lowest 
strength for the material probably dominates.   
 So many things affect breakdown that it would be impossible, or at least very difficult to 
come up with a theory that covers everything.  However, there is an attempt to find an ideal or 
“intrinsic” dielectric strength of materials; a strength that is only dependent on material and not 
on other factors affecting breakdown.  In order to build a strong theory for intrinsic breakdown it 
is important to know what the dielectric strength of materials is dependent upon.  We have 
theorized that breakdown is dependent on the rate at which the voltage across the material is 
increased.  Because of quirks we have experience we have thought that the average breakdown 
voltage would decrease as the rate of voltage ramping across the sample increased. This might 
occur because the electrical force would be created in a shorter period of time, or a larger 
electrical impulse would be placed on the material, causing a stronger electrical stress.  To test 
the hypothesis we have taken several samples of Kapton E, a polymer, and made several 
measurements of its breakdown value at different ramping rates.  
 
Equipment 
 The apparatus used was built here at Utah State University by the Surface Science group, 
run by J.R. Dennison.  It is named the ESD chamber, or Electrostatic Discharge chamber.  It 
consists of an aluminum cylinder as a top lid and an aluminum base plate.  The lid contains a 
small window in the top in order to view inside the chamber in case 
of electrical arching during operation.  Two handles were attached 
to the side of the lid for ease of handling (see fig. 4).  A grove was 
cut into the bottom of the lid wall and an O-ring installed in order 
to maintain a good seal under vacuum operation.   
 The base plate also has a groove cut into it for the 
placement of the lid.  The base plate contains a vacuum feed 
through for pumping down.  An attached valve is in place in case 
the chamber needs to be hermetically isolated.  Quick connects are 
used to connect the vacuum system to the chamber.  The vacuum 
system used a mechanical pump with either a turbo or diffusion 
pump in order to obtain vacuum on the order of 10-5 Torr.   
 A set of high- and low-voltage feed-throughs were also attached at the base plate.  On the 
inside of the low-voltage feed-through there are 100 MΩ current-limiting resistors that lower the 
voltage before sending it out of the chamber through the low-voltage feed-through. 
 
 
Fig. 3.  10x photo of a 
breakdown mark. Shows 
multiple points of breakdown. 
Fig. 4.  ESD 
chamber lid and 
i d  
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 A polycarbonate plate was placed inside the chamber 
at the bottom in an attempt to isolate the stack from the 
chamber.  The stack consists of several plates. High voltage 
plates (hv-plates), to which samples were mounted and the 
high voltage lines were connected, were held between an 
isolating polycarbonate plate and an electrode plate, which 
contained the electrode wired through a resistor and out of the 
low-voltage feed-through (see fig. 5). 
 Outside the chamber was a control box.  The control 
box routs high-voltage through a two branch system of 
resistors.  One branch went through a set of step-down 
resistors and a voltmeter, which was used to measure the voltage.  The other branch was 
dirrected through a 100 MΩ current-limiting resistor and into the chamber through the high-
voltage feed-through.   
 Coming back to the control box from the chamber were the low-voltage signals.  These 
signals were run through a series of switches that controlled which electrode was being read.  
The selected signal traveled through an ammeter to ground.  This ammeter was where the current 
measurements were made (see Appendix 2 for an electrical diagram).   
 Both ammeter and voltmeter were Meterman 38XR models which communicated via an 
optically isolated serial port to a desktop computer.  This same computer was used to control the 
high-voltage source using an NI PCI card connected through a BNC breakout box.  A LabVIEW 
program was written to control the voltage source and monitor the meters according to 
configuration information entered in by the user.  This program wrote the readings from the 
meters, as well as a time stamp and other information, to a text file. 
 
Procedures 
 Materials were selected from different manufacturers based on thickness and quality, as 
well as expense.  After being received from the manufacturer the materials were stored in sheet 
protectors inside a binder.  Samples were cut from these materials using a stencil.  The samples 
were cut to approximately 2.5 x 8.5 cm.  These samples were then wiped with methanol, attached 
to the hv-plate by securing the sample by side brackets.  The samples were placed in the bake-out 
chamber and then baked under vacuum at around 120° C for several hours (usually around 70 – 
80 hrs) to remove excess water from the surface.  The bake-out chamber was then back filled 
with dry nitrogen.  The samples were removed from the bake-out chamber and stored in a dry 
nitrogen glove box or placed directly into the ESD chamber.     
 Once in the chamber, the chamber was pumped down using the vacuum system.  When 
the pressure was low enough (well outside the Paschen curve or <0.09 mTorr) information about 
the sample and its history as well as current pressure information was entered into the ESD 
program to be attached to the data file.  A configuration file was built detailing the operation of 
the program by entering several variables.  The important variables included the Voltage Step 
variable, which detailed the value the voltage stepped up at every iteration, the Wait Time 
variable, which determined the amount of time the program waited after increasing the voltage to 
make a reading, and the  Time per Step variable which determined the amount of time the 
computer would take to make a reading. For this experiment the variables were constant at 20, 1, 
and 1 respectively, meaning that the voltage was increased by 20V every step and once increased 
the computer waited 1 second before making a reading, which would take 1 second to make.  
Fig. 5.  ESD chamber 
stack with resistors. 
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 When the program was set up the correct plate and electrode were selected by moving the 
male high-voltage plug to the corresponding female plate plug and switching the corresponding 
electrode switch to the “On” position.  The ESD program was then engaged.  The program would 
increase the output voltage of the high-voltage source and wait for the wait time to pass.  It 
would then read in the voltage and the current from the two Meterman DMMs.  The cycle would 
then repeat.  During operation a user could monitor the voltage and current measurements which 
were both plotted on-screen as the program progressed.  The program would continue until the 
configuration information was finished or the program was manually stopped by the user.    
 
Results 
 The data that was collected was then analyzed.  The breakdown value was determined to 
be the point at which the IV curve followed Ohm's Law or where the voltage divided by the 
current gave a value of approximately 200 MΩ, the value of the current-limiting resistors.  
Multiple similar runs were made for each different voltage ramping rate and an average of their 
breakdown values was taken as an average breakdown value for the material at that rate.  A list 
of different samples and their breakdown values for each rate of ramping can be found in 
Appendix 1.  Below is a table of the average breakdown value of Kapton E at different ramping 
rates and a plot of the breakdown value versus the ramping rate. 
 
Ramping Rate 
(V/step) 
Breakdown Voltage 
(V) 
20 9316 
50 10076 
100 12416 
500 14340 
Table 1. Ramping rate of 1 mil Kapton E and 
average breakdown voltage 
 
 
 
Graph 1.  Average Breakdown 
voltage values are plotted versus 
the ramping rate for Kapton E 
samples.  Graph shows a positive 
relationship between breakdown 
values and ramping rates. 
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Discussion and Conclusions 
 A positive trend of breakdown versus ramping rate can be seen in graph 1.  This result is 
opposite of what I had originally thought it would be.  After thinking about the results and 
discussing it with J.R. Dennison we have decided that this result may have been produced 
because we didn’t take into account the idea of a reaction time.  Avalanche theory states that the 
breakdown is related to the number of free molecules in the material and not just the potential 
difference across it.  This seems to be the case.  Despite the fact that we ramped the voltage at a 
higher rate it still did not give the electrons inside enough time to become space charges inside 
the material.  Thus the breakdown occurred at a higher voltage than what we had predicted.  
 A repetition of the experiment might yield different results by increasing the wait time 
between steps of voltage ramping.  By increasing the wait time the material should be under 
electrical stress for a longer period of time.  This should give the material a time to build up 
internal charge.  With a large internal charge present a larger impulse should cause a premature 
breakdown.  Thus a voltage step of 500V with a longer wait time should yield a lower 
breakdown of the material than a step of 20V without as long of a wait time. 
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Appendix A – Collected Data Points 
 
 
Material: Kapton E (DuPont) 1mil 
 Avrg. Thickness (µm): 23  
     
 Ramping Rate (V/s): 20  
Run Date Breakdown (V) E-Field (MV/m) Comments 
P2 (A, 1) 2/14/2007 11300 491 Questionable 
P2 (B, 1) 2/14/2007 9387 408 Valid 
P13 (A, 1) 2/14/2007 8605 374 Valid 
P13 (B, 1) 2/14/2007 6812 296 Valid 
P19 (C, 1) 2/14/2007 10550 459 Valid 
P19 (A, 1) 2/14/2007 9242 402 Valid 
     
Mean  9316 405  
SD  1565 68  
%  16.80% 16.80%  
SDOM  639 28  
%  6.86% 6.86%  
     
 Ramping Rate (V/s): 50  
Run Date Breakdown (V) E-Field (MV/m) Comments 
P26 (A, 1) 4/11/2007 8271 360 Valid 
P26 (C, 3) 4/11/2007 11050 480 Valid 
P25 (A, 1) 4/11/2007 9004 391 Valid 
P25 (C, 3) 4/11/2007 11980 521 Valid 
   NA 0  
Mean  10076 438  
SD  1730 75  
%  17.17% 17.17%  
SDOM  865 38  
%  8.59% 8.59%  
     
 Ramping Rate (V/s): 100  
Run Date Breakdown (V) E-Field (MV/m) Comments 
P21 (A, 1) 3/20/2007 14050 611 Valid 
P21 (B, 1) 3/20/2007 10840 471 Valid 
P28 (B, 1) 3/20/2007 11570 503 Valid 
P30 (C, 3) 3/20/2007 13130 571 Valid 
P30 (D, 3) 3/20/2007 10840 471 Valid 
P32 (D, 3) 3/20/2007 15640 680 Valid 
P32 (C, 3) 3/20/2007 10840 471 Valid 
     
Mean  12416 540  
SD  1904 83  
%  15.33% 15.33%  
SDOM  719 31  
%  5.79% 5.79%  
     
 8 
 Ramping Rate (V/s): 500  
Run Date Breakdown (V) E-Field (MV/m) Comments 
P25 (B, 1) 3/20/2007 11850 515 Valid 
P27 (D, 3) 3/20/2007 12910 561 Valid 
P27 (C, 3) 3/20/2007 15000 652 Questionable 
P31 (D, 3) 3/20/2007 17600 765 Valid 
     
Mean  14340 623  
SD  2537 110  
%  17.69% 17.69%  
SDOM  1268 55  
%  8.85% 8.85%  
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Appendix 2 — Diagram of Electrical connections. 
 
Volt Meter1 MΩ
200 kΩ
1 GΩ
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Gr.
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Gr.
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Gr.
Plug
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100 MΩ 100 MΩ 100 MΩ 100 MΩ 100 MΩ 100 MΩ 100 MΩ 100 MΩ 100 MΩ
A
High Voltage Feedthrough
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30 kV supply Current Meter
RS232
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A B C D
 
 
 
Diagram made by Johnathan Abbott.  
